Northern Illinois University

Huskie Commons
Graduate Research Theses & Dissertations

Graduate Research & Artistry

2015

The analysis and study of stress distribution over the whole
human body and some joints by using FEM method
Shuoting Dong

Follow this and additional works at: https://huskiecommons.lib.niu.edu/allgraduate-thesesdissertations

Recommended Citation
Dong, Shuoting, "The analysis and study of stress distribution over the whole human body and some
joints by using FEM method" (2015). Graduate Research Theses & Dissertations. 5305.
https://huskiecommons.lib.niu.edu/allgraduate-thesesdissertations/5305

This Dissertation/Thesis is brought to you for free and open access by the Graduate Research & Artistry at Huskie
Commons. It has been accepted for inclusion in Graduate Research Theses & Dissertations by an authorized
administrator of Huskie Commons. For more information, please contact jschumacher@niu.edu.

ABSTRACT
THE ANALYSIS AND STUDY OF STRESS DISTRIBUTION
OVER THE WHOLE HUMAN BODY AND SOME
JOINTS BY USING FEM METHOD

Shuoting Dong, MS
Department of Mechanical Engineering
Northern Illinois University, 2015
Meung Jung Kim, Director
Biomechanics, in contrast with other areas, has a fast development in the past few years, but
many of the studies are just focused on one or two parts of human body, like the knee joints or
the lumbar vertebra as well as only areas closely related to medical treatments. One main reason
for this fact is our body’s features are very complicated, like the inhomogeneous density and the
uncertainty of the reaction of our muscles and the data will even change on the same person at
different ages. Even simple approaches to human body mechanics are missing in this area. As the
first effort toward the biomechanics in this direction, an idealized skeleton is used to investigate
the stress distributions in various configurations that simulate human postures. Further, the
analysis is extended to a few joints with real bone joints in order to show that it can help
understand the stress concentrations on the human body.
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CHAPTER 1
INTRODUCTION

1.1 Literature Review
It was hard to imagine that mechanical engineering and biology can be mixed
together many years ago; the scientific boundary seems distinct and there’s no
outstanding overlapping in these two areas. However, a combined section that is called
biomechanics has a very fast development in the past few years. Before biomechanics
emerged, the methods and experiment subjects for biology and mechanics were quite
different; the common ways for a biology experiment was usually performed on the
cadavers or human tissues, and a mechanical experiment was usually tested on the real
machine parts or material samples. The fundamental method of the biomechanics is the
body can be considered as a machine, except it is much more complicated, If we can
figure out the function of every part that builds our body, then how our body works will
be clear to us.
In biomechanics area, the development of computer industry has changed the
situation a lot. Computer simulation has already become an important tool to all
researchers. The better aspects, compared to the traditional experiment, for a computer
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simulation are low cost, easily to be controlled and setup. One of the important methods
for computer simulation is FEM (finite element method). For a typical FEM analysis,
there will be three steps:
1. Model Preparing
2. Model Treatment and Environment Setup
3. Analysis Method Setup and Analysis Processing.
Many colleges have founded a department to study the biomechanics, like UCLA
and UC Berkeley. Former researchers have made dedicated effort in FEM analysis. Fig1
and Fig2 [1] show a model for human arm vibrations.

  
Fig  1  The  model  for  the  arm  vibration  analysis  
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Fig  2  The  model  for  arm  vibration  analysis  after  meshing  by  using  FEM  

Fig 3 [2] shows another case that is studying the knee joint in biomechanics area.

Fig  3  The  simplified  model  of  knee  joint  in  previous  research  
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The studies, which are based on the whole human body simulation, are rare. It is
reasonable that many previous studies just focus on one or two joints of our body because
too many uncertain or unknown factors, like the physical properties and the reactions of
muscle, will probably make the result of the simulation shift far from the accurate. Fig 4
[3] shows a simulation for the impact of the human chest.

Fig  4  Human  chest  impact  simulation  
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Most of the simulations are static analysis when the whole human body simulation
is involved; that is, the body is simulated as one piece and the study subjects are limited
in only one case or one posture. In biomechanics, the requirement for a general human
body model has never stopped. If such model can be built up, it will have two significant
meanings. First, it won’t be necessary to repeat the first several steps of the model
construction. Second, the researchers don’t need to spend too much time on studying the
biology as well.

1.2 Thesis Objective
In our project, there are two main challenges: the model generation and the
simulation setup. In the model construction step, for a common mechanical analysis,
there are many commercial CAD (computer-aided design) software, like Creo;
SolidWorks can be used. However, the complication of the human body makes it very
hard to create an accurate model.
The first object is introducing a method to construct a human skeleton model for
whole body analysis. Three postures will be studied:
1. The stress distribution and relationship with the upper body bending angle while
our body is in a standing posture.

6

2. The stress distribution and relationship with the upper body bending angle while
our body is in a sitting posture.
3. The stress distribution and relationship with the knee joint bending angle while
lifting a package from the ground.
Another main object is real-shape model analysis. By carefully setting the
simulation parameters, there will be three real-shape-based models to be studied and
simulated:
1. The stress distribution of the human mid-finger while it is under an outside load.
2. The stress distribution of the human knee joint without external load.
3. The stress distribution of the human lumbar vertebra without external load.

1.3 Thesis Organization
In Chapter 2, an introduction of the background will be presented, as well as the
converting method for each type of human tissue, the physical properties and the
dimension calculation method. In Chapter 3, the simulation of the simplified human
skeleton model will be conducted. Each result will be given a comparing example from
real case or conclusion.
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In Chapter 4, the simulation of the real shape model will be discussed. Each
simulation result will be compared with a real case or conclusion. In Chapter 5, the
discussion and conclusion will be made and the possible future work will be discussed as
well.

CHAPTER 2
METHOD FOR CREATING HUMAN BODY MODEL

2.1 Clinical and Anatomic Background

2.1.1 Human Body Features

The normal human body consists of 206 bone, and approximately 67.85% water,
14.39% protein, 12.51% ether extract, 1.596% calcium [4]. In clinical area, the
components of the body will be defined as the following types [5]:

1.Hard Tissue:
Usually, bones and other calcified human tissue will be categorized to the hard tissue.
At present, after the developing and research in the biology and medical area, the biology
features of the hard tissue like the structure, the position, the physical features, like the
density and the Young’s modulus, are clear enough to us. In this case, we can reach
certain accuracy in simulating the reaction of the hard tissue and its behavior.
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2. Soft Tissue:
Most of our external parts, like our hair, skin, blood vessels and internal organs, like
our liver, lungs and brain and our muscles can be placed under this category. In finite
element area, as the gathered data from biology and medical area is very limited, or hard
to apply and describe, the progress is not so optimistic. On contrast with the close-enough
accurate simulation result that we can get for the hard tissues, as the characteristics of the
soft tissues are usually following non-linear, inelastic, heterogeneous, anisotropic
behaviors, the simulation of the soft tissue is usually far from the accurate.

3. Ligaments
The main functions for ligaments are connection between bones and maintaining
skeletal relative position and allowing articulation of joint. Like the soft tissues, the
reaction of the ligaments is also non-linear and heterogeneous.

4. Tendons
Tendons are formed with thick band of collagen fascicles that connect skeletal
muscle directly to bone and transmit tensile forces during muscle contraction, tending to
actuate the joint.
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2.1.2 Application and Challenge in Finite Element Area
The general thought for this method is by dividing a whole piece into one or several
small mass pieces, which we call elements, by applying physical laws and boundary
conditions, we can solve the status such as displacement, temperature and velocity for
each small element and after combine them back; we can get the status for the whole part.
In our project, we’ll mainly use ANSYS WorkBench to make analysis

2.2 Main Challenges in Model-Creating Step

Generally, the human the bones and other calcified tissue, like the teeth, are the main
parts of the hard tissues. Figure 5 [6] shows a typical cross-section of human bones.

Fig  5  The  structure  of  a  human  bone  
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One of the important features for a human bone is the inhomogeneous structure.
From Fig 5, it is clear that our bones contain several layers and there is a cavity area in
the middle of the bone. Such inhomogeneous features can make the density and other
physical features, like yield strength or stiffness, be various. In the introduction at the
first chapter, we discussed the three main steps for typical finite element processes.
n

Model creation

n

Model treatment and analysis environment setup

n

Analysis setup and analysis processing
The first problem pops up in the model-creating step. In CAD software, to generate

a feature, no matter it is a plane, a line, or a curve, full description about this feature is
required. For instance, if the user wants to generate a block like it is in Fig 6, the height,
the width and the length must be defined.

Fig  6  The  dimension  for  a  block  in  SolidWorks    
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For describing the skeleton model to reach 100% accuracy, two problems will be in
front of us:
Unknown dimension: For different people, the dimension of the bones can be quite
different due to age, gender and health conditions. It is hard to measure and record the
dimensions of the bones, as the shapes of the bones are usually irregular.

Unknown structure: It is known that the structure of our bones consists of several
different layers or several zones. But the boundaries among each layer are indistinct.
Before moving to the final processing step, we need to set up the features of the
model; there still are three barriers:
1.Connections: This includes the connect conditions between each joint and within
different layers of our bones. However, even in the biology area, such conditions still just
have an inaccuracy assumption or totally unknown. Besides, the ability of the current
FEM software can only treat several common connection types like fixed, revolute,
pinball, and so on. But all these joints types are not enough to fully describe the
connections for our body’s joints.
2. Movement range: In the he knee joint and the shoulder joint, for instance, the moving
type of our knee is like a hinge; the moving allowance for the knee joints is usually 180°,
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The shoulder joint is much more like a ball joint, when it moves back and forth, the range
could be 90°, but when it moves up and down, the range could be 120°. Fig 7 [7] shows
the moving range of the knee and shoulder.

  
Fig  7  The  moving  range  of  human  shoulder  

3.Material: We have discussed that the most significant two features of our body are the
diversity and inhomogeneousness of the material. Our body contains about 7×1027	
 
atoms and 60 different chemical materials [8]. Currently in biological area, for studying
the human tissues’ features, usually the experiments are carried out cadavers; the good
aspect for this method is the researchers are allowed to apply outside load even to the

14

amount that might destroy the subject. But this way cannot disclose every detail and
functions of an alive human’s body. Under this situation, it will be way too hard to define
every material specifically, and especially some features are still unknown to us.

2.3 The Discussion About Model-Generating Method

2.3.1 Two Main Thoughts for the Methods of Model Generating

Many attempts have been made for human body’s model in biomechanics area and
they can be sorted into two main ways. The first thought is defining as specifically as
possible and clearly it is suitable to our final goal; however, besides the difficult
problems about the materials that are stated before, this method will also lead to a long
time calculation and requires pretty good background from both biology and anatomy
areas. The other way is transferring inhomogeneous features to homogeneous features
and carefully discarding some features that are not relevant to the goal of the simulation.
For instance, when the final goal is studying the stress distribution in the knee joint while
a man is in standing posture, it’s not necessary to generate a whole body model; The
segments above the knee can be transferred to the outside load which is applied to the
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knee joint. The second method will simplify the model as well as reduce the influence of
the uncertain or unknown features. In our work, for the consideration of the ability of the
FEM software and the CAD software, the second way is chosen for the whole-body
simulation.

2.3.2 Physical Features
The mechanical features of a material, like the hardness and elasticity, can be
determined or calculated out by four main factors:
l

Density

l

Young’s Modulus

l

Poisson Ratio

l

Yield Stress
We have talked about the reasons for why the common ways are not suitable to test

the physical properties of human body. But we can still get average values by using some
mathematic techniques, such as curving fit the experiment data. Many researchers have
made great contribution in this area.
There’s no unified agreement of the value of the properties of human body. The
widely accepted average density of human bones is at about 1.9 g/cm3 [9]. A failure
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material model was used in the test and with the Young’s modulus 9.86GPa, Poison’s
ratio 0.3, and yield stress 66.66Mpa for the cortical bones of the ribs [3], but this model
was based on the assumption that our bones would follow the viscous material laws. In
Kimpara et al.’s three-point rib bending test, the viscous material laws were found not to
explain the experiment result. Kimpara et al. [3] also introduced another method under
consideration of the elastic-plastic assumptions. After comparing the test results from
different researchers and in reference with some widely used values. The bones are
assigned with Young’s modulus of 40 Mpa, yield stress of 1.8 Mpa and Poisson’s ratio of
0.45. Table 1 [9-12] shows the summary of the material properties and references.
Table  1    
The  Material  Properties  and  Reference  
  

Average  
Mass  
Density  
(g/cm3)  

Young’s  
Modulus  E  
(Gpa)  

Poisson  
Ratio  

Wet  Bone  

1.90  

17.66  

0.45  

Cartilaginous  
tissue  

1.0  

49.0  

0.4  
  

Reference  

Jian  Chen,  Jiaobiao  Li,  Haoxu  
Xing(1999)  
J.  R.  Cameron,  J.  G.  Skofronick  
and  R.  M.  Grant(1999)  
Abe  et  al.(1996)  
Yamada(1970)  
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2.3.3 Mass of Bones
The total mass of a person can be various due to many factors like age, gender and
health condition. In our project, the data of mass for each body segment is retrieved from
a cadaver, which is about 1.7 m height and about 64kg [13]
Chen et al. [14], made a study about the average bone’s weight of different body
segments. In their research, their data comes from 280 persons, 237 male and 43 female.
The measuring contains 18 kinds of body segments bones, which are skull, collarbone,
scapula, ribs, xiphoid process, vertebral column, humerus, radius, ulna, metacarpal bones,
pelvis, sacrum, femur, patella, tibia, fibula and sesamoid bones. Their measuring goal is
getting data of the dry weight of the human skeleton. Dry weight means that the bones
are after tissue removing, fat removing, bleaching and desiccation; the relation between
the dry weight and the wet weight is:
𝑊!"# = 𝑊!"#   ×𝑅

(2.1)

Wwet: The weight of the wet bones (before biological treatment)
Wdry: The weight of the dry bones (after biological treatment)
R: Ratio between the weight of the wet bones and dry bones.
According the ICRP’ s reference human skeleton’s weight, the R can be calculated out as
2.27[14].
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Table 2 shows the measuring result [14]
Table  2    
Two  Types  of  Bone  Weight  
  

Name	
  
Skull	
  
Clavicles	
  
Ribs	
  
Sternum	
  
Vertebra	
  
Humerus	
  
Ulna	
  
Radius	
  
Hand	
  bones	
  
Pelvis	
  
Sacrum	
  
Femur	
  
Patella	
  
Tibia	
  
Fibulae	
  
Bones	
  of	
  foot	
  
Total	
  

Dry	
  Weight	
  (g)	
  
595	
  
76	
  
264.3	
  
17.1	
  
304.6	
  
245.5	
  
245.5	
  
81.9	
  
107.6	
  
307.3	
  
71.1	
  
670.6	
  
22.1	
  
387.5	
  
93.2	
  
229.2	
  
3718.5	
  

Converted	
  Wet	
  Weight	
  (g)	
  
1350.65	
  
172.52	
  
599.961	
  
38.817	
  
691.442	
  
557.285	
  
557.285	
  
185.913	
  
244.252	
  
697.571	
  
161.397	
  
1522.262	
  
50.167	
  
879.625	
  
211.564	
  
520.284	
  
8440.995	
  

  

In our project, the skeleton model will be set up into seven segments: skull, chest,
arm, pelvis, thigh, shank, foot, because if the positions of the knee, the shoulder and the
vertebra are determined, the main gesture of our body is basically decided.
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2.3.4 Mass of Each Body Segment and Location of the Mass Center
The effort for measuring mass distribution of our body has started since ancient
times. The first attempt was classifying our body into the relationships between our
body’s segments. [13]
After a long time developing, in the recent few decades, the direction of research for
the human body’s parameters has changed to volumetric methods. Basically, two methods
[13] are used in measuring the volume of our body’s segments:
1.

Immersion method

2.

Segment zone method.
The core thoughts for these methods are based on the assumption that our body’s

density is homogeneous in each segment; under this case, the mass can be calculated out
if we know the average density and volume.
The immersion method is introduced by a Germany researcher named Harless [13].
In Harless’ work, he uses the human hand as standard unit, which is the length between
the wrist joint to the tip of the middle finger. This assumption also is accepted as the basic
unit in other researchers’ work after Harless. Table 3 and Table 4 come from the research
results of Harless.
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Table  3    
  
Average  Absolute  and  Relative  Length  (After  Harless)  
  
Relative  Length  
Hand  Length=1,000  
Body  Height=1,000  
Cadaver  1   Cadaver2  
Cadaver  1   Cadaver  2  
Cadaver  1   Cadaver  2  
Head  and  neck   21.2  
20.2  
1.275  
1.08  
122.7  
120.0  
Upper  Trunk  
41.0  
40.0  
1.900  
2.14  
225.8  
238.5  
Lower  Trunk  
13.5  
17.5  
0.690  
0.94  
81.1  
104.5  
Upper  Arm  
36.4  
30.3  
1.792  
1.62  
211.1  
180.7  
Forearm  
29.9  
26.2  
1.471  
1.40  
173.1  
156.5  
Hand  
20.3  
18.7  
1.000  
1.00  
117.6  
111.7  
Thigh  
44.9  
42.3  
2.210  
2.26  
260.0  
252.0  
Shank  
42.9  
38.1  
2.111  
2.03  
248.4  
227.0  
Foot  
26.0  
21.7  
0.295  
0.52  
34.7  
58.0  
Whole  Body  
172.68  
167.7  
8.500  
8.97  
1.000  
1.000  
  
Table  4    
  
Absolute  and  Relative  Weights  of  Body  Segments  (After  Harless)  
  

Absolute  Length  in  cm  

  
  
Head  and  neck  
Upper  Trunk  
Lower  Trunk  
Upper  Arm  
Forearm  
Hand  
Thigh  
Shank  
Foot  
Both  Upper  
Extremities  
Both  Lower  
Extremities  
Whole  Body  

Cadaver  1  
4555  
23055  
6553  
2070  
1160  
540  
7165  
2800  
1170  

Cadaver2  
3747  
17779  
4868  
1448  
795.5  
383.6  
5887  
2247.5  
985.2  

Relative  Weights  
Hand  Length=1  
Cadaver  1   Cadaver  2  
8.435  
9.529  
42.694  
45.209  
12.145  
12.380  
3.833  
3.682  
2.148  
2.023  
1.000  
1.00  
13.252  
14.972  
5.185  
5.716  
2.167  
2.505  

7540  

5254  

N/A  

N/A  

117.86  

105.34  

22270  

18239.4  

N/A  

N/A  

348.11  

365.56  

63970  

49.895  

118.4  

126.9  

1.000  

1.000  

Absolute  Weight  in  g  

Body  Height=1,000  
Cadaver  1   Cadaver  2  
71.20  
75.11  
360.40  
356.43  
102.43  
97.56  
32.35  
29.04  
18.13  
15.94  
8.44  
7.69  
112.00  
118.00  
43.77  
45.04  
18.28  
19.74  
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Besides the outside load and the weight of the skeleton, the mass of human body
must be considered as well. The former researchers consider the mass of each segment is
concentrated in a point and the study of the relative location of mass centers has started
many years ago. But unfortunately, there’s still lack of a widely agreed result. In our
project, we will use Harless’ work [13] as reference; Fig 8 [13] shows his work. In our
project, the mass of the body except the skeleton system will be set up as the mass point;
the location for each mass center will follow Harless’ research. Table 5 [13] shows the
research result of his work.

Fig  8  Mass  center  distribution  
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Table  5    
  
Mass  Center  Distribution  (After  Harless)  
Segment  

Head  
Upper  trunk  
Lower  trunk  
Upper  arm  
Forearm  
hand  
Thigh  
Shank  
Feet  

Distance  From  Proximal  Joint  
Segment  Length    
Total=1000
0.361  
0.497  
0.518  
0.430  
0.402  
0.361  
0.569  
0.466  
0.436  

Distance  from  Apex  of  Head  to  
feet  
Total  =1000
43.530  
27.585  
413.000  
235.245  
402.805  
608.230  
568.875  
841.680  
974.955  

It’s easy to get the value of each mass point after having the location of them. The
general relation between the mass of each segment and the value of concentration mass
can be got by the follow equation:
𝐶!"## = 𝑆!"## − 𝐵!"##
Where:
C: Concentration mass
S: Body segment mass
B: Bone mass
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The result is shown in Table 6.
Table  6  
The  mass  of  each  segment  
Segment  
Head  
Upper  trunk  
Lower  trunk  
Upper  arm  
Forearm  
Thigh  
Shank  
Feet  

Mass  (g)  
1715.3  
22748.8  
5695.0  
1759.9  
934.6  
6392.8  
2169.2  
920.1  

2.3.5 Model Dimension Calculation

From the previous steps, we can get the data of mass distribution for each segment
and the mass of the bones. In this section, we’ll discuss a method to generate simplified
human skeleton model. In our model, the round shape replaces the original irregular
shapes of the cross-section of the bones. The relation between the mass and the
dimension can be determined by the following equation:
𝑚 = 𝜌×𝑉
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𝑉 = 𝜋×𝑟 ! ×𝐿
Where:
m: total mass of the bone
V: total volume of the bone
L: length of the bone
Fig 9 shows the simplified model in our project.

Fig  9  The  simplified  skeleton  model  

25

Table 7 shows the dimension for each segment
Table  7  
The  Calculation  Results  of  the  Dimensions    
  
Segment  
Dimension  
Length  (cm)  
Thoracic  vertebra  
35.507  
Lumbar  vertebra  
54.51  
Upper  arm  
36.4  
Forearm  
29.9  
Thigh  
44.9  
Shank  
42.9  

Radius  (cm)  
0.88  
0.92  
0.88  
0.828  
1.25  
1.156  

2.4 Method of Treating Soft Tissue
During each step of our movement, in most cases, the internal organs are barely
involved. But no matter how tiny the movement is, it must come from the reaction of
muscles. The muscle reaction has the following two characteristics:
1. It is known that stiffness and the load can determine the elasticity of a material.
But as the behavior of the muscles isn’t isotropic and hard to be described mathematically,
it is hard to define the reaction in simulation software.
2. The ability for the muscle will change drastically among people; there’s no
common pattern to follow like the other features of our body. For instance, even having
the same height, one professional athlete’s body muscle usually will have a better
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performance than common people. Besides this, unfortunately, even in the biology area,
the study of the muscle function and physical feature is still carrying on.
If we want to take into account the reaction of the muscle, the barriers seem more
than we could figure out, but the good aspect is as we only care about the stress
distribution of some certain designated postures; in this case, it is reasonable to consider
human body is like a black-box system: all the muscle reactions can be considered as the
inner processes that happen in the black box. If the outside load doesn’t go beyond the
average limitation of a normal person, even if the inner force is unknown, the whole
reaction force of our body must be equal the outside stimulating force. In this case, we
don’t need to figure out the specific values of the inner reaction. Fig 10 shows the
explanation of the treatment method of the muscle reaction.

Outside	
  load

• Can	
  be	
  
assumed

Muscle	
  
Reac4on

• Hard	
  to	
  
ﬁnd	
  out	
  
details

Reaching	
  
Balance	
  
Status

•must	
  
equal	
  the	
  
load

Fig  10  The  body  reaction  for  the  outside  load  
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2.5 Joints Setup
The general thought for joints setup is basically the same as the muscle; most of the
joints will be assumed to remain stable and keep the same posture. Just like other features
of human body, the complication of the human joints makes it hard to construct and
simulate. For instance, the moving ranges are various due to age, gender and health
condition. In this thesis, the treating methods for the joints are basically the same as the
material settings:
1. Some joints and connections will be discarded in our model.
2. Some joints will be simplified and similar but simpler joints types that can be assign
in the CAD and ANSYS will be applied. Table 8[15] shows the moving range and
the similar joint types that are involved in our project.
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Table  8  
The  Similar  Joint  Type  of  the  Human  Body  
Name  

Moving  Range  

Shoulder  

180°  

Similar  type  
  

  
Knee  

90°  

  
Hip  Joint  

180°  

  
Ankle  

90°  

  
  

2.6 Model Generating
Fig 11 shows the generating model after the previous steps. This model is generated
with discarding some irrelevant features that do not affect much about the simulation
results.
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Fig  11  Simplified  model  

CHAPTER 3
THE WHOLE-BODY SIMULATION

3.1 Analysis Method
FEM is the most important tool in our project, though the processes can be defined
in many ways and consequently the solution could be variable. However, no matter which
kind of solution is applied in solving the mechanical simulation, the following equations
are the base for all solutions.
𝑓 = 𝑘 [𝑞]

(3.1)

where:
𝑓 : The matrix of the outside load
𝑘 : The matrix of stiffness
[𝑞]: The matrix of the displacement for each node
FEM method divides a whole structure into several substructures, a node connects
every two adjacent substructures, and the internal force is applied on the connected node.
The equation above can be transferred as the equation below [16]:
!

𝑘!" 𝑢! = 𝐹! + 𝑄!       𝐹𝑜𝑟  𝑖 = 1, … , 𝑁      (3.2)  
!!!
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where
𝑘!" : Elemental stiffness matrix; 𝑘!" means the stiffness between the i and j node.
!

𝑘!" =

[𝑎
!

𝑑𝜓! 𝑑𝜓!
+ 𝑐𝜓! 𝜓! ]𝑑𝑥    (3.3)
𝑑𝑥 𝑑𝑥

𝐹! : Force vector matrix; this means the outside load that is applied on the i node.
𝐹! = [𝑓𝜓! ]𝑑𝑥                                                                                        (3.4)  

𝜓! : The shape function; it can be expressed as the following equation, for an element that
has N nodes:
!

𝜓! 𝑥 =
!!!
!!!

𝑥 − 𝑥!
    𝑓𝑜𝑟  𝑖 = 1,2, … , 𝑁    (3.5)  
𝑥! − 𝑥!

𝑄! : Inner force between i and j node; this could be shear force or bending momentum.
The core idea for this solution is interpolation; the more nodes are implemented on
the analyzing subject, the more accurate the result will be. But too many nodes might
increase the simulation cycle and the chances of the simulation failure.
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3.2: Case I: Sitting with Different Angle

3.2.1 Study Background

Sitting is one of the most common postures in our daily life. Many people spend
almost all the time in sitting posture while they’re working or at home. However, the
result and effect to our body for long-time sitting are not so optimistic. Many researchers
believe that long-time sitting can trigger many occupational diseases and back pains.
According to K. Doheny [17], long-time sitting will cause worse mental health, higher
risk of death from heart disease and higher risk of being disabled. Many reports show that
long-time sitting without proper posture will cause many physical damages to the body
and in the end such damages will be reflected as neck pain or back pain. Julie Deardorff
[18] mentions in her blog that usually such pain is not caused by the chair itself but the
wrong gesture. Sitting puts nearly twice the stress on the spine as standing; slouching
while you sit increases the pressure even more.
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3.2.2 Model Settings

Fig 12 shows the model for analysis; No external load is applied. The only changing
factor is the angle between the back and the horizontal plan, which is from 90° to 15°; the
maximum stress will be recorded every 5°.

Fig  12  Model  for  studying  
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Fig 13 is the results of meshing; Fig 14 and Fig 15 show the results after the
simulation in ANSYS WorkBench.

Fig  13  Meshing  result  
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Fig  14  Stress  distribution  

Fig  15  The  location  of  the  maximum  stress  
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Table 9 shows the value of the maximum stress with respect to the angle changing.
Table  9  
  
The  Maximum  Stress  Value  
  
Angle  
Result    
(Degree)  
(Psi)  
90  
33.119  
85  
45.808  
80  
75  

77.519  
107.86  

70  
65  

133.29  
162.04  

60  
55  

206.32  
217.86  

50  
45  
40  
35  
30  
25  
20  
15  
10  
5  

252.68  
283.9  
288.98  
352.57  
357.46  
381.98  
354.86  
362.59  
377.66  
385.86  
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Fig 16 shows the curve fitted data for the analysis results. The best determination
coefficient is 0.93912 after using linear approach.
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Fig  16  The  curving-‐fitted  result  

From the result, two main conclusions can be made:
l The maximum stress generally happens in the middle of the back, which is
located at the conjunction between the ribs and spine. The possible explanation for this
result is when a person is sitting; the weight of the lower body like the thigh and the
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shank is held by the chair and the floor, thus only the weight of upper body is effective.
As the upper trunk is usually heavier than the lower trunk, the possible place for
maximum stress is at conjunction between the lower and upper trunk, which is
approximately at the connect point between the ribs and the spine. Fig 17 shows the
illustration for the theoretical explanation.

Fig  17  Conclusion  I  
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l

The maximum stress-increasing rate is linear. The locations of mass centers of upper
and lower trunk can be assumed stable in our body. It can be explained that as the
upper body tilts forward, the mass center is driven away from the supporting point,
thus the bending moment is increasing. (Fig 18)

Fig  18  Second  conclusion  
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3.3: Case II: Standing

3.3.1 Case Background

The posture to be studied is the torso bending forward while standing. Fig19 [19]
shows this posture in our daily life. The simulating goal for this case is studying the
approximate location of the maximum stress and the pattern between the maximum stress
value and torso bending angle.

Fig  19  The  case  II  posture  in  daily  life  
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3.3.2 Model Setup
Fig 20 shows the model; nothing changes much in this posture on comparing with
the previous simulation of the sitting posture, and the geometry and physical features are
the same with the former sitting case. Fig 21 is the settings in ANSYS Workbench. Fig22 shows the stress distribution after simulation.

Fig  20  The  studying  model  

42

  
Fig  21  Meshing  result  

Fig  22  The  analysis  result  
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Table 10 is the result of the simulation.
Table  10  
  
The  Result  of  the  Simulation  
Bending  
Angle  
(Degree)  
5  

Maximum  
Stress  
(Psi)  
45.808  

10  
15  

77.519  
107.86  

20  
25  

133.29  
162.04  

30  
35  
40  

206.32  
217.86  
252.68  

45  
50  

283.90  
288.98  

55  
60  

352.57  
357.46  

65  
70  

381.98  
354.86  

75  
80  

362.59  
377.66  

85  

385.86  
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Fig 23 shows the plot for the analysis result and linear curve fit. The best
determination coefficient is 0.9606 after using linear approach.
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Fig  23  The  curve-‐fitted  result  
  

From the simulation result, it is clear that as the torso bends forward, the stress is
increased as well. The mathematical relation is basically following a linear pattern. The
explanation for the stress concentration is just like the sitting case; it is caused by the
vertical difference of the mass center between the upper and lower torso.
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3.4 Lifting with Standing Posture.

3.4.1 Introduction.

It is believed that many back injuries happen when people try to lift something
heavy. Besides the health conditions, posture also plays a very important role in deciding
the final effect to our body. Many people just bending their torso to reach the package
while their legs are straight. In this part of the study, we will simulate the lifting 20kg
from the floor and find out the effect of what happens if a person doesn’t use their knees
while lifting.

3.4.2 Model Setup

The most different part in this case in contrast with the former cases is the joint type
needs to be considered. In this simulation, the degrees of freedom of the knee joint, the
hip joint and the shoulder are reduced to one; the left one degree of freedom is the
revolute and it is assigned with the pin joint. The moving ranges for all hip and shoulder
joints are from 0 degree to 180 degrees; the knee joint is from 0 degree to 90 degrees. All
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the moving range is restricted in the vertical direction. The end points of two arms remain
the same position during the simulation. As shown in Fig 24, the relative position of end
point of the arm in the globe coordinate is settled down.

Fig  24  The  illustration  for  the  posture  
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Fig 25 shows the result after simulation in ANSYS Workbench.

Fig  25  The  result  after  simulation  

Another tool we’re using is the FEM simulation module in Creo. In this module it
has a function that is called parameter study. This function allows the user to simulate a
case with one parameter changing; this will save much time for simulation setting up. In
the Literation simulation, the convergence is set up as 5%.
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Same as before, the simulation results are recorded every 4 degrees, as shown in Fig
26, the start position angle between the thigh and shank is 20 degrees, which is like a
squat, and the end point is fully straight legs.

Fig  26  The  simulation  starting  posture  and  ending  posture.  
  

49

Fig 27 is the model after meshing

Fig  27  The  model  after  meshing  

Fig 28 is the curve-fit data, the best determination coefficient is 0.92616 in this after
applying exponential approach. The loop simulation in the Creo shows that the more the
leg close to fully straight, the stress release to our spine will increase. It could lead to
serious injury if the maximum stress exceeds the allowance of our body. This result is in
consisting with the suggestions from the many experts. S. Harris [20] is one of them, he
mentioned in his blog that The posture plays an very important role in lifting heavy
packages, the proper way to pick up a heavy package is to bend from your knees making
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sure you keep your natural low back curve, which equals a neutral spine. Fig 29 [20]
shows the suggestion from many experts.
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Fig  28  The  maximum  stress  value  changing  

Fig  29  The  suggestion  for  the  lifting  posture  

  

CHAPTER 4
ACTUAL SHAPE MODELS SIMULATION
4.1 Background
In previous chapters, we have introduced methods to generate models for wholebody simulation. Simplifying is the general thought in the model-generating step and the
simulation results give a lot of information to us, like the position of the maximum stress.
However, such simplified models still have many limitations; the simulation results can
only tell us the approximated location of the maximum stress and might be quite different
from the real values.
In this chapter, we will focus on the simulation for the real-shape models. On
comparing with the models that are applied in the previous chapters, the advantage for
using the real shape is we can get more accurate stress values and find out the stress
distribution of the model.
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4.2 Model Generating
The common ways for model-generating method require four features:
l Component dimensions: like the length, height, and radius.
l Physical properties: like the density, the elasticity.
l Relative positions: Relative position is used to determine the actual position for a
component in 3D space.
l Connection type: Connection type will determine how many degrees of freedom
a component has.
In the second chapter, the specialties and the difficulties for generating the realshape models have already been introduced. Such special features like the irregular shape
make the common ways for CAD model generating ineffective and sometimes even
impossible.
The key of the model generating in our project is call 3D scanner; it is one of the
latest technologies in the CAD area. The most convenient aspect of a 3D scanner is no
matter how irregular the surface is, the 3D scanner is using laser to scan the surface, so it
can detect and generate the actual surface shape of the subject instantaneously. The
scanning result can be input to the common CAD software for further study.
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Fig 30 shows the human skeleton model in SolidWorks. This model contains all the
surface features for a real human skeleton system; however, as the 3D scanner is only
capable to scan the surface features, the inside structure features are still require more
studies.

Fig  30  Human  skeleton  model  in  SolidWorks  
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In the previous chapters, we have introduced the method to convert inhomogeneous
features to homogeneous; we choose to use average values of density, Young’s modulus,
and elasticity. In the application to the simulation of the actual shape, this might cause
some errors in the final simulation result, but two reasons make this solution still be a
fine choice to us.
l The first problem is out of the mechanical area. The information about the
physical properties and inhomogeneous features of the bones are very limited. Besides,
even the existing experiment results are still lacking unified agreement. This also brings
lots of trouble if we want to define the inhomogeneous feature to the skeleton model.
l Sometimes even the feature is inhomogeneous, but if we can find out the trending
patterns and describe it mathematically, this feature still can be simulated. In our project,
it is known that the bones of our body contain several layers and there’re no distinct or
obvious boundaries among them. This means the shape for each cross-section could be
different.
Based on the above two stated reasons, the method applied for the real-shape
simulation will be basically the same as we have done in the previous chapters.
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4.3 Case I: Finger Bones

4.3.1 Model Settings

In this section, a model of the middle finger is studied; Fig 31 shows the general
glance for the model. This model contains the three finger bones and the cartilages in
each joint. The material features will use the same values from Chapter 2.

Fig  31  The  human  middle  finger  model  
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4.3.2 Simulation Settings

ANSYS WorkBench contains 11 joint types. Table 11[15] shows constrain
condition and DOF for each joint type.
Table  11  
The  Joints  Connection  Type  in  ANSYS  WorkBench  

1

2

Joint  Type  

Constrain  

DOF  

Sample  

Fixed  Joint  

All  axis  

0  

(None)  

Revolute  Joint  

UX,UY,UZ,  
RX,RY  

1  
  

  

  
3

Cylindrical  Joint  

UX,UY,  
RX,RY  

2  

  

4

Translational  Joint  

(Table  11  continued  on  next  page)

UY,UZ  
RX,RY,RZ  

1  
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(Table  11  continued)  
  

5  

Slot  Joint  

UY,  UZ  

4  

  

6  

Universal  Joint  

UX,  UY,  UZ,  
RY  

  

2  
  

  

  

7  

Spherical  Joint  

UX,UY,UZ  

3  

  
  

8  

Planar  Joint  

UZ,  RX,RY  

3  

  

9  

Bushing  Joint  

None  
  

  

  

6  
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In this simulation, the two joints of the model are assigned with revolute joint,
which means each joint has one revolute DOF and the left five DOF will be constrained.
Fig 32 shows the joints setup for the model. Z-axis is the revolute pin for each joint.
There will be three revolute pins and they’re located at the middle of the contact surface
in each joint.

Fig  32  The  joint  setting  of  the  model  
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As shown in Fig 33, the load applied in on the model is 200N from the horizontal
direction to simulate the finger under a side impact.

Fig  33  The  simulation  settings  

Fig 34 shows the meshing result of the model. The meshing method is automatically
generated by the program and the relevant accuracy is 20.

Fig  34  Meshing  of  the  model  
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4.3.3

Simulation Result and Compared with Real Case

Figs 35- 38 are the simulation results of the stress distribution and the total
deformation on compared with the original shape.

Fig  35  The  general  view  of  stress  distribution  
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Fig  36  The  cross-‐section  of  stress  distribution  1  
  
  

Fig  37  The  cross-‐section  view  of  stress  distribution  2  
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Fig  38  The  displacement  of  the  model  

From simulation result, the maximum displacement happens at the end point of the
finger. This can be explained because the finger’s tip has the most momentum of the
force.
The maximum stress happens on the ligament between the first and second
segments of the bones. If the stress is beyond the limitation that the bones can endure or
the displacement exceeds the soft tissues that surround and protect the finger bones,
injury might happen. The third segment bone, which is metacarpal bone, has the most
significant stress concentration. Such stress concentration indicates the most possibility
of injury. In the basketball game, finger sprain happens a lot. Fig 39 [21] shows such

63

injury. Usually, such injury happens when a ball without any precaution hits a player’s
finger, which could leads to swelling or even rupture of the soft tissues.

Fig  39  Finger  injury  in  playing  basketball  
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4.4 Case II: Human Knee Joint
4.4.1 Model Settings
In the medical area, the knee joint is considered one of the most complicated joints
of human body. Fig 40 [22] shows the anatomy of the human right knee.

Fig  40  The  anatomy  of  structure  of  the  human  knee  joint  

The knee joint generally contains four bones; the contact area between the femur
and tibia has one set of meniscus, and several muscles and ligaments connect the femur
and tibia.
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Fig 41 shows the model for simulation. In this simulation the knee joint is isolated
from the whole-skeleton model. The upper and bottom planes are flat for applying
outside load.

  
Fig  41  The  knee  joint  model  for  simulation  
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We will study the stress distribution of knee joint when a person is standing. Under
common condition, each leg supports half of the body’s weight. The outside load is set up
to 32 kg, which is the half weight of the sum of the upper body and the thighs. Fig 42
shows the simulation settings.

  
Fig  42  The  outside  load  applied  on  the  model  
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4.4.2 Results And Discussion
Figs 43-46 show the simulation result about stress distribution.

  
Fig  43  The  stress  distribution  across  the  model  
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Fig  44  The  cross-‐section  view  of  the  stress  distribution  
  

  
Fig  45  The  stress  distribution  at  connected  surface  of  the  femur  
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Fig  46  The  stress  distribution  at  the  connective  plane  of  the  tibia  

From the simulation result, the maximum stress happens at the connected plane of
the knee and the stress distribution is not uniform. The maximum stress happens and
concentrates around the concave area. In the biology, this area is called tibia plateau.
Amy Rubin [23] indicates that tibial plateau fractures can happen due to high-energy
impact or low-energy impact when the quality of the bone is poor. Compare to other knee
injuries, tibial plateau fracture doesn’t happen a lot; however, it still can bring very bad
consequences to the people cause if such fracture happens, it takes a long time to get
recovery. One good example is Kobe Bryant, a basketball player of Los Angeles Lakers.
In the 2013-2014 season, he got tibial plateau fracture in one game and had to rest almost
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one year to get recovery. Fig 47 [24] shows an X-ray picture of such tibial plateau
fracture.

Fig  47  The  tibial  plateau  fracture  
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4.5 Case III: Lumbar Vertebra
The spine has many functions like, keeping balancing, allowing the body to move
and rotate within certain area and range. It can be considered as the center pillar of the
human body, and it’s the solid support of the upper body. A human spine contains three
segments: cervical vertebra, thoracic vertebra, and lumbar vertebra. If the spine gets
injury, usually it’s hard to get the full recovery. Table 15 and Table 16 [25] show
statistics after researching 1053 spine injuries. The data indicates that the reasons for
getting spine injuries are various and the most possible injury is lumbar vertebra.
Table  12  
  
The  Statistics  for  Vertebra  Injuries  
Trauma  location  

Number  

Percentage  

Cervical  vertebra  

26  

2.47%  

Thoracic  vertebra  

287  

27.25%  

Lumbar  vertebra  

664  

63.05%  

Other  

76  

7.22%  
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Table  13  
The  Statistics  for  The  Reasons  of  the  Injuries  
Reason  

Number  

Percentage  

Traffic  accident  

321  

30.67%  

Accidental  falls  from  high  height  

223  

21.17%  

Tumble    

196  

18.61%  

Collision  with  blunt  object  

150  

14.25%  

Smashed  by  object  

91  

8.64%  

Other  reason  

70  

6.65%  

4.5.1 Model Settings

The model for analysis is the whole lumbar vertebra, which contains five pieces of
bones, labeled L1 to L5 in the medical area. Fig 48 shows the spine model for simulation.
The physical properties still use the same values from Chapter 2.
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Fig  48  The  lumbar  vertebra  model  

4.5.2 Simulation Settings
The boundary condition is set as no separation. This setting allows the slipping and
compression happening between two components. As shown in Fig 49, a bending
moment is applied here to study the stress distribution while upper body is bending
forward. The bottom of the model is set up as fully fixing.
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Fig  49  The  outside  load  applied  on  the  model  

4.5.3 Simulation Results Compared to Real Cases
Figs 50-54 show the simulation result of the stress distribution.
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Fig  50  The  stress  distribution  of  the  model  

Fig  51  The  front  view  of  the  stress  distribution    
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Fig  52  The  side  view  of  the  stress  distribution  

  
Fig  53  The  cross-‐section  view  of  the  stress  distribution  1  
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Fig  54  The  cross-‐section  view  of  the  stress  distribution  2  

From the result, the maximum stress can be found at the connective intervertebral
disk between the L2 and L3, and there is an obvious dislocation between L4 and L5
segments.
Fig 55 and Fig 56 [26] illustrate the compression fracture at the lumbar vertebra,
which is usually caused by over-heavy outside load or sudden impact. When the stress
exceeds the maximum amount that our spine can afford, an injury might happen.
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Fig  55  The  compression  fracture  at  the  lumbar  vertebra    
  

Fig  56  The  dislocation  and  soft  tissue  tearing  

CHAPTER 5
RESULTS AND DISCUSSION

5.1 Results
In this thesis, we have introduced several thoughts about applying FEM methods in
the biomechanics area. There are six cases have been studied: three whole-body model
analyses and three actual-shape analysis.
In the whole-body analysis, a method about data calculation and model generating is
presented. The values of the physical properties are chosen from the work from several
researchers. Instead of using the real-shape model, we used a simplified model to study
the location of maximum stress and the stress distribution.
The first and second simulations are about the stress distribution and the relations
between the upper body tilting angle and the maximum stress value. The simulation
results indicate the maximum stress happens at the lower spine and while the upper body
is bending towards the ground; the maximum stress is increasing as well and such
increasing basically is linear.
The last simulation is lifting posture. We borrowed the power of the FEM module of
the Creo. The final result indicates when people are lifting something, the spine and the
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shoulder suffer the maximum stress distribution. A loop simulation was implemented to
study the changing of the value of maximum stress on the lumbar vertebra when the knee
joint is in different angle. The final result shows that when outside load is stable, a
bending knees posture will reduce maximum stress on the lumbar vertebra.
In Chapter 4, we have talked about the actual-shape model simulation. There are
three cases in Chapter 4. The model-generating method is quite different from the
previous four chapters. A model is directly purchased from a team that used 3-D scan
technology to generate the actual shape.
For the real-shape model analysis, besides the physical properties, connection is
another crucial feature to be determined.

5.2 Conclusion
During the studying, the history of the biomechanics in the FEM area was
introduced. The barriers and solving methods were presented and a simplified human
skeleton model was constructed and simulated. The methods for the real-shape simulation
were studied and introduced. In general, the following goals have been achieved.
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1. Literature review about other researchers’ work. Several ideas about the model
creation were inspired from the work of other researchers. The physical properties
were also determined from the literature review.
2. Several model-creating methods and human features data were studied. The main
method was decided after studying other researchers’ work. A simplified model was
designed to make the whole-body analysis.
3. The whole-model generation steps came from the combinative work from
SolidWorks, Creo and ANSYS Workbench geometry module.
4. ANSYS Workbench was mainly used for the whole-body simulations and real-shape
simulations. One case of the whole-body simulation was finished by using Creo FEM
module.
5. The simulation results were studied and compared to the real cases or conclusions
that were found from the literature review. Some conclusions were made to give the
readers some ideas about which way is better for the body.
5.3 Future Work
The history of biomechanics is not long in the Engineering area. The most difficult
challenges in our project are the model generation and simulation settings. After taking a
review of the whole work in this thesis, there are several tips for future work.
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1. Developing a method to study and measure the inhomogeneous features of our body.
The features that we choose to discard in this thesis, like the reaction of the muscle
and soft tissue, doesn’t mean they are not important. This requires the effort from
biology, medical and engineering areas.
2. For a more reliable result, developing a method to create models that contain the
inhomogeneous features. In this thesis, our models are using average values of the
physical properties in simulation. The reason for choosing this method is
compromising for lacking information about the actual values and structures. It is
certain that as the research in other areas make progress, the model can be more
accurate in the future.
3. The simulation settings and model connection types still need some improvement. In
the simulation settings, we usually choose to constrain a joint in one DOF; however,
the real situation is human joints are much more complicated than all the options we
currently can choose in the simulating software. In the future work of this area, one of
the important goals is keeping on studying the joint movement of human body and
developing more methods to describe and define the joint type.
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4. Many reasons made us choose to ignore the reactions from the muscle and most soft
tissues, but if we want the simulation result to reach a new level of accuracy, the
reactions from the muscles and soft tissues are inevitable.
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